The objective of the present study was to ex plore metabolic correlates to the appearance of postisch emic seizures and the enhancement of brain damage ob served in subjects that are made hyperglycemic prior to the induction of ischemia. To that end, transient forebrain ischemia of to-min duration was induced in normo-and hyperglycemic rats, with subsequent measurements of lo cal CMRglc (LCMRglc) after 3,6, 12, and 18 h of recircula tion. We posed the questions of whether postischemic depression of LCMRglc is exaggerated by preischemic hy perglycemia and whether there are signs of localized in creases in LCMRglc in hyperglycemic rats, reflecting sub clinical seizure activity. The results confirmed the pres ence of a long-lasting postischemic depression of LCMRglc in normoglycemic rats. This depression was partially but not tightly related to the degree of reduction of local CBF during ischemia. The depression was most pronounced in neocortical areas and in the hippocampus, but notably it was less pronounced in the densely isch emic caudoputamen. Little or no reduction of LCMRglc
It is by now firmly established that preischemic hyperglycemia worsens the outcome of transient global or forebrain ischemia [for reviews and fur ther literature, see Myers (1979 , Siesj6 (1981 , 1984 , 1989 , and Plum (1983) ]. Such aggravation of ischemic damage encompasses delayed cellular edema and clinical seizures (Myers and Yamaguchi, 1977; Siemkowicz and Hansen, 1978; Pulsinelli et aI., 1982a; Warner et aI., 1987) . In all likelihood, the adverse effects of the hyperglycemia are related to an exaggerated intra-or extracellular acidosis (see Rehncrona et aI., 1981; Smith et aI., 1986) . It has was observed in moderately or mildly ischemic structures such as the hypothalamus, red nucleus, and cerebellum. Preischemic hyperglycemia markedly accentuated the postischemic depression of LCMRglc• For example, al though the subjects quickly regained wakefulness and motility, they had LCMRglc values in neocortical areas that remained below 50% of control. Corresponding but quantitatively less pronounced reductions in LCMRglc were observed in other areas. Notably, preischemic hy perglycemia reduced postischemic LCMRglc also in areas that showed only moderate to mild reductions in CBF during the ischemia. The results thus demonstrate that preischemic hyperglycemia has pronounced metabolic ef fects in the postischemic recovery period. The data pro vide no indication that postischemic seizures, which de velop after a recovery period of -24 h, are preceded by the appearance of hypermetabolic "seizure" foci. Key Words: Autoradiography-Cerebral ischemia-Hypergly cemia-Metabolic rate for glucose. been shown that acidosis worsens the effect of isch emia on mitochondrial metabolism [Rehncrona et ai. (1979 [Rehncrona et ai. ( , 1981 , Hillered et aI. (1984 Hillered et aI. ( , 1985 ; how ever, see also Wagner and Myers (1986) ]. It seems unlikely, though, that mitochondrial dysfunction underlies the delayed metabolic failure after rela tively short periods of ischemia in hyperglycemic animals, and in general the molecular mechanisms involved have remained elusive.
Postischemic seizures, which are also commonly observed in clinical forms of ischemia [Cocito et aI. (1982) ; for further discussion, see Meyer et aI. (1986) ] may contribute heavily to the final brain damage incurred. Thus, following transient isch emia in rodents, gross membrane failure with loss of cellular ion homeostasis occurred pari passu with the development of clinical seizures (Warner et aI., 1987) . Furthermore, recent results demonstrate that one early lesion after ischemia in hyperglycemic an-imals is a uni-or bilateral necrosis of the substantia nigra, pars reticulata (SNPR) (Inamura et aI., 1987; Smith et aI., 1987 Smith et aI., , 1988 . Since this structure is as sumed to play an important role in the prevention of seizure discharge (Gale, 1985 (Gale, , 1986 , it was specu lated that enhanced lactic acidosis during ischemia destroys inhibitory systems, thereby predisposing to seizure activity (Smith et aI., 1987 (Smith et aI., , 1988 . Clearly, such seizure activity could be either gen eralized and cause clinical seizures or be confined to subcortical regions, at least initially.
Transient ischemia is known to cause depression not only of postischemic function but also of me tabolism. Several studies, in which short-term re covery was studied following relatively long periods of ischemia, demonstrated a postischemic reduction in CMR02 (Lang et aI. , 1972; Snyder et aI., 1975; Rossmann et aI., 1976; Nordstrom and Rehncrona, 1977; Steen et aI., 1978) . In animals maintained preischemically on light anesthesia (but not on bar biturates), the depression was quite marked (Nord strom and Rehncrona, 1977; Steen et aI., 1978) . Two studies of local CMRglc (LCMRglc) suggested that it may be increased in the hippocampus (and substantia nigra) in the immediate recirculation pe riod (R) (Diemer and Siemkowicz, 1980; Suzuki et aI., 1983) ; however, since quantitative data were not reported, the results do not prove that the local metabolic rate was increased above control. In a comprehensive study on LCMRglc and CBF follow ing 20 min of forebrain ischemia in rodents, Pulsinelli et aI. (l982b) demonstrated that the post ischemic depression of cerebral metabolic rate was extensive and long-lasting. In neocortex, LCMRglc fell to -50% of control, and the reduction persisted for at least 48 h.
In this study we assessed LCMRglc in normo-and hyperglycemic rats during the first 18 h of recovery following 10 min of forebrain ischemia. The objec tive of the study was to study whether the postisch ernie depression of metabolic rate is exaggerated by preischemic hyperglycemia and whether there are signs of localized increases in LCMRglc in hyper glycemic rats, reflecting subclinical seizure activity.
METHODS

Animals and experimental groups
Male Wi star rats of an SPF strain (M�llegaard's Breed ing Center, Copenhagen, Denmark) weighing 300-400 g were used. LCMRglc was measured in the following groups: controls (n = 4); ischemic normoglycemic ani mals with R = 3, 6, 12, and 18 h following 10 min of forebrain ischemia (n = 4 in each group); ischemic hy perglycemic animals with R = 3, 6, 12, and 18 h following 10 min of ischemia (n = 4 in each group); normoglycemic sham-operated animals with R = 3 and 12 h (n = 2 in each group); and hyperglycemic sham-operated animals with R = 3 and 12 h (n = 2 in each group). Local CBF (LCBF) was measured in three control animals and at the end of 10 min of ischemia in five normoglycemic and five hyperglycemic animals.
Chemicals
[14Cj2-D-Deoxyglucose (New England Nuclear, Bos ton, MA, U.S.A.) delivered in sterile water (100 f,lCi/m!) was used in LCMRglc experiments after dilution with Krebs solution to yield a specific activity of 50 f,lCi/ml.
[14C]Iodoantipyrine (New England Nuclear), which was delivered in ethanol solution (100 f,lCi/ml), was used in LCBF experiments. An aliquot of 0.3 ml was evaporated to dryness immediately prior to each experiment and the compound was redissolved in Krebs solution to yield a specific activity of 30 f,lCilml.
Operative procedure
The animals were fasted the night preceding the exper iment but were allowed free access to tap water. Animals in the control group were operated on under halothane anesthesia delivered via a mask. A tail artery and a tail vein were cannulated, and the animals were then kept in a normal cage for at least 3 h before LCMRglc experi ments. Animals designed to undergo ischemia or sham operation were anesthetized with 3% halothane in NzO and O2 (70:30). The animals were endotracheally intu bated and connected to a small-animal respirator (B. Braun Melsungen AG), and the halothane concentration was lowered to 0.7%. Muscle paralysis was achieved by a I-mg i.v. bolus of suxamethonium chloride (Celocurin; Vitrum AB, Stockholm, Sweden), repeated as necessary. The common carotid arteries were isolated and encircled with loose ligatures for later occlusion. A soft Silas tic catheter was placed in the right jugular vein and advanced to the inferior caval vein, allowing induction of hemor rhagic hypotension during ischemia. In LCMRglc experi ments, a tail artery and a tail vein were cannulated for monitoring of blood pressure and sampling of blood and for drug and tracer administration, respectively. In LCBF experiments, a femoral artery and a femoral vein were used instead of tail vessels. A pair of needle electrodes were inserted into the temporalis muscle to record bipolar EEG.
Experimental procedure
Following surgery, halothane supply was discontinued and the artificial ventilation was maintained with NzO and Oz (70:30) . Heparin (50 IU; Vitrum AB) was given to the animals and blood pressure monitoring was started. The rectal temperature was kept at � 37°C by external heating. The artificial ventilation and oxygen administration were adjusted to give a PaCOZ of 35-40 mm Hg and a PaOZ of >100 mm Hg.
The animals were randomly assigned to one of two con ditions, normoglycemic or hyperglycemic. Rats of the hy perglycemic groups received an intravenous injection of a 25% glucose solution (2-3 m!) over 30 min to produce a stable plasma glucose level of 20-25 f,lmollml. The ani mals of the normoglycemic groups were given the same amount of saline. Plasma glucose concentration was mea sured with a Beckman Glucose Analyzer 2 (Beckman In struments, Fullerton, CA, U.S.A.).
All the animals except those in the sham-operated groups were then subjected to ischemia for a period of 10 min. Ischemia was induced by a bolus intravenous injec tion of 2.5 mg trimethaphan camphor sulfonate (Arfonad; Roche, Basel, Switzerland) to reduce the blood pressure and by clamping of both common carotid arteries. Central venous exsanguination was performed to maintain mean arterial blood pressure at 50 mm Hg throughout the 10min period. Ischemia was confirmed within 1 min by an isoelectric EEG.
In the LCMRglc experiments, recirculation was accom plished by removal of the carotid clamps and rapid rein fusion of shed blood. Sodium bicarbonate (0.5 ml of a 0.6 M solution) was infused to counteract systemic acidosis.
The jugular vein was tied off and the neck closed with sutures. In the recovery period, blood pressure and EEG were monitored, and after 15 min of recirculation, Pac02, Pa02, and pH were measured. After a recirculation period of 35-45 min, the animals resumed spontaneous respira tion and could be disconnected from the respirator. The animals were subsequently extubated and the tail cathe ters were plugged for reuse; the animals were kept in a normal cage until the LCMRglc experiment.
The animals of the sham-operated groups were sub jected to the same procedure up to the time of ischemia, after which they were treated as follows. Without the use of trimethaphan and without clamping of the carotid ar teries, blood pressure was reduced to 75-80 mm Hg by exsanguination, and 10 min later the shed blood was re infused. We avoided a reduction of blood pressure to 50 mm Hg since this is part of the ischemic procedure and 50 mm Hg is below the autoregulation range. The sham operated animals started to resume spontaneous respira tion after a "recirculation" period of 20-25 min. Since the animals began to move their legs vigorously at that time, artificial ventilation could not be prolonged and the ani mals were extubated, an extubation that was somewhat premature, as the animals then had problems in breathing normally for some time. However, all animals recovered and showed normal behavior and had normal ventilation at the time of the LCMRglc experiment.
In LCBF experiments the animals were infused with isotope solution, beginning after 9 min of ischemia, and were decapitated after 10 min of ischemia.
LCMRglc measurement
LCMRglc was measured with the technique described by Sokoloff et al. (1977) . Measurements were performed in awake minimally restrained animals in a Perspex cage (Dahlgren et aI., 198 1; Ingvar and Siesjo, 1982) , which was flushed with a gas mixture of O2 and N2 (20: 80) to mimic air breathing. Heparin (25 IV) was injected into both tail catheters and blood pressure and rectal temper ature were monitored. The animals were then allowed a resting period of 30 min. Blood gas values were measured just before LCMRglc experiments, performed as previ ously described by Ingvar and Siesjo (1982) . In summary, the radioactive deoxyglucose was infused over 30 s and 45 min later the animals were decapitated. During that time arterial blood was sampled 14 times to determine the radioactivity and glucose concentration in the plasma. Af ter decapitation the brain was rapidly taken out and fro zen in isopentane chilled to -50°C. The brain was serially sectioned in 20-J.1m-thick slices at -20°C, placed on x-ray film together with a set of calibrated standards, and ex posed for 1 week.
LCMRglc was evaluated with the help of an IBAS 2 J Cereb Blood Flow Metab. Vol. 9. No. 4, 1989 image analyzer (Kontron Bildanalyse GMBH, Munich, F.R.G.) with a geometrical resolution of 512 x 512 pixels and a gray value resolution of 256 steps. The image ana lyzer was equipped with a TV camera (TYK9B; Bosch GMB, Darmstadt, F.R.G.), a photomacrographic zoom system (Tessovar; Zeiss, Oberkochen, F.R.G.), and a film illumination board (Novalux; !TAB, Jonkoping, Sweden). The autoradiographic images of the brain sec tions were magnified so that after digitalization, 25 pixels on the digital image corresponded to 1 mm on the original auto radiographic film. The brain structures examined were determined according to the stereotaxic rat brain atlas of Paxinos and Watson (1982) . The gray value for each interactively selected brain structure was measured bilaterally on three different brain sections and the mean values were used, together with the standards, for the calculation of 14C activity in the different brain areas. LCMRglc was calculated as described by Sokoloff and co-workers (1977) , and lumped and kinetic constants given by them were used.
LCBF measurement
LCBF was measured with the technique of Sakurada et al. (1978) as previously described (Ingvar et aI., 1980; Dahlgren et aI., 198 1) . Since low CBF values were ex pected, the radioactive iodoantipyrine was infused over 1 min, and arterial blood was collected at 7-s intervals. We calculated LCBF values according to Sakurada et al. (1978) , using an IBAS 2 image analyzer (see above).
Statistics
Statistical comparisons were performed with analysis of variance, Dunnett's test, Newman-Keul's test, as well as Student's t test.
RESULTS
The main objective of the present study was to assess LCMRglc at various recirculation periods fol lowing 10 min of ischemia in normo-and hypergly cemic rats. As already described, ischemia was in duced in anesthetized animals, while LCMRglc was measured in awake moderately restrained animals. For that reason the first measurement was made 3 h following recirculation. At that time all animals were fully awake, although showing less spontane ous motoric activity than normal, unless stimulated as by handling or noise, to which the animals re acted unusually strongly (see Smith et aI., 1984a) . Table 1 demonstrates physiological parameters just before and 15 min after ischemia (anesthetized animals), while also giving corresponding values just before LCMRglc measurements in awake ani mals. There were no noticeable differences between R = 3 and 12 h animals in the normo-and hyper glycemic sham-operated series, and the animals were therefore pooled to yield n = 4 in the normo and hyperglycemic series.
Before ischemia, animals in all groups were nor motensive, normothermic, and normocapnic; they 
Pre ischemia
Normoglycemia R = 3 h 37.1 ± 0.1 37.9 ± l.l 117 ± I 7.37 ± 0.02 6.3 ± 0.8 R = 6 h 37.0±0.1 35.7 ± 0.5 113 ± 2 7.37 ± 0.01 8.4 ± 0.9 R = 12 h 37.2 ± 0.1 38.5 ± 1.9 115 ± I 7.39 ± 0.03 7.5 ± 0.5 R = 18 h 37.1 ± 0.1 36.9 ± 0.6 119 ± I 7.41 ± 0.01 6.0 ± 0.6 Hyperglycemia R = 3 h 36.9 ± 0.1 39. had arterial P02 values close to 100 mm Hg; and arterial pH was normal (=7.40). Hyperglycemic an imals had the desired plasma glucose concentra tions (=25 j.Lmollml). The lO-min period of ischemia did not materially alter any of the parameters, al though Pco2 tended to be somewhat higher. Awake postischemic animals had a body temper ature exceeding 37°C (see Dahlgren et aI., 1981) , with the hyperglycemic animals at R = 6, 12, and 18 h maintaining a temperature close to 39°C. Arterial Pco2 usually exceeded 40 mm Hg, but there were no differences between normo-and hyperglycemic an imals. It should be noted that by the time of the LCMRgJc measurements, plasma glucose was nor mal in all groups.
The ischemic model used in this study yields fore brain ischemia (Smith et aI., 1984a,b; see Pulsinelli et aI., 1982a , b) . Since postischemic changes in LCMRgJc must bear some relationship to the reduc tion of LCBF, we reassessed regional flow rates after 10 min of ischemia. In the animals studied, physiological variables were similar to those illus trated in Table 1 prior to induction of ischemia. The results of the LCBF measurements are given in Ta ble 2. As can be observed, consistent and severe ischemia was at hand in all neocortical areas, in the hippocampal formation, and in the caudoputamen. Severe ischemia (CBF of <5% of control) was also present in amygdala, globus pallidus, and septal nu cleus. Other structures (thalamus, hypothalamus, colliculi nuclei) showed a variable reduction in flow, and still others (e.g., red nucleus and cerebel lum) had flow rates close to normal. On the basis of these results, we grouped structures analyzed for LCMRglc in severely, moderately, and mildly isch emic structures (see Tables 3-5) . Description of LCMRglc data was organized as follows. LCMRg1c values for structures belonging to (local CBF <5% of control) Hyperglycemia the three different CBF groups are shown in Tables  3-5 . Since values for all recirculation times were similar, Table 6 lists pooled LCMR g lc values for R = 3-18 h of normo-and hyperglycemic groups (n = 16) as a percentage of the control value (see below). In all tables the average value of the right and left hemispheres of each structure was used as one data point.
It was essential to establish whether changes in LCMR g lc after ischemia were due to the anesthetic and operative procedures or to the ischemia, and whether any accentuation of such changes by hy perglycemia was due to the hyperglycemia per se or to an aggravation of the ischemic insult. Table 7 compares sham-operated animals with controls. The results showed that there were no differences in LCMR g lc between normo-and hyperglycemic sham-operated animals. However, the data demon-strates that the sham-operated animals showed a tendency to lower LCMR g lc values; in some struc tures the reduction was statistically significant. In spite of this, and for reasons given below (see Discussion), we chose to compare postischemic LCMR g lc values with those obtained in control an imals.
LCMR g lc values for the severely ischemic fore brain structures are summarized in Table 3 . Among all the structures measured, the most profound re duction of LCMR g l c both in normo-and in hyper glycemic groups was seen in neocortical structures, which include frontal, sensorimotor, parietal, cin gulate, visual, and auditory cortex. In the normo glycemic groups, a persistent reduction in LCMR gl c was observed over 3-18 h of recirculation, while in the hyperglycemic groups, a more profound de crease was seen over the time measured. The LCMRglc values pooled over all time points in the neocortical regions examined ranged from 59 to 69 and 45 to 49% of control in normo-and hypergly cemic groups, respectively, indicating a similar re duction throughout the neocortex (see Table 6 ).
For the caudoputamen we derived composite LCMRglc values for the whole nucleus as well as separate values for the dorsolateral and ventrome dial parts (Table 3 ). In the normoglycemic groups only a slight reduction of LCMRglc was observed throughout the recirculation time studied. In hy perglycemic groups there was a profound reduction of LCMRglc. Especially in the dorsolateral part, pale regions, in which LCMRglc was markedly low-J Cereb Blood Flow Melab, Vol. 9, No. 4, 1989 ered, were observed. In both the dorsolateral and the ventromedial parts of hyperglycemic groups, the LCMRglc value at R = 18 h was significantly lower than that at R = 6 h. Such a decrease of LCMRgl C with increasing recirculation time was ob served only in the caudoputamen of hyperglycemic groups (see Fig. 1 ).
In the hippocampus we derived LCMRglc values for the whole structure, as well as for CAl, CA3, and stratum radiatum. Owing to the rather low res olution in the autoradiograms (see Fig. 1 ), we had some problems in deciding the structural origin of the dark band in hippocampus (Fig. 1) in which we measured the values for stratum radiatum. It might be possible that it instead could arise from stratum lacunosum and/or stratum moleculare. In the nor moglycemic groups, the values for CAl and CA3 were uniformly reduced throughout the recircula tion time but unchanged in stratum radiatum (Fig.  1 ). As shown in Table 6 , the pooled value was 69-67% in CAl and CA3a and 78% of control in the whole structure. In the hyperglycemic groups at R = 3 and, especially, 6 h, the LCMRglc values throughout hippocampus were low. At later recircu lation times, LCMRgl c increased continuously, the values at R = 18 h being the same as or higher than control and clearly higher than those at R = 6 h.
The data for moderately ischemic structures are summarized in Table 4 . Among these structures, nucleus accumbens, septal nucleus, globus pallidus, and amygdala showed similar alterations. Typi cally, in the normoglycemic groups these structures showed no or only a slight reduction of LCMRglc, and the values were stable throughout the recircu lation time studied. In the hyperglycemic groups a more profound reduction was seen, especially at R = 3 and 6 h. The pooled values for these structures were consistent, being 79-86 and 64-66% of control in normo-and hyperglycemic groups, respectively. Reductions in LCMRglc were also observed in lat eral and medial geniculate bodies, hyperglycemic animals showing a more pronounced depression.
We derived LCMRglc values for the whole tha lamic complex as well as for the anteroventral, lat eral, and ventroposterior parts. In normoglycemic animals LCMRglc remained unchanged except in the ventroposterior part, which showed a decrease in LCMRglc that, notably, occurred late (R = 12 and 18 h). Hyperglycemic animals showed a pro nounced postischemic reduction in the lateral and ventroposterior parts. Notably, no or only a very small reduction in LCMRgIc was observed in the anteroventral part.
In hypothalamus and habenula, ischemia in nor moglycemic animals did not cause alterations in LCMRgIc• In the hyperglycemic animals, though, glucose utilization in both hypothalamus and ha benula was reduced after 3 h of recirculation. This reduction did not persist since the values normal ized with longer recirculation periods.
As expected, in normoglycemic animals mildly ischemic structures had an unchanged postischemic LCMRgJc. It is noteworthy, though, that LCMRg l c was reduced in hyperglycemic animals. The pooled value of the hyperglycemic group was 84% of con trol in the superficial part of the superior colliculus and 72-76% in other structures.
We performed separate measurements of J Cereb Blood Flow Me tab, Vol. 9, No.4, 1989 LCMRgJc in the lateral and medial parts of the SNPR, a structure that frequently incurs damage in hyperglycemic animals with transient ischemia (In amura et aI., 1987; Smith et aI., 1987 Smith et aI., , 1988 . In gen eral, ischemia in normoglycemic animals did not af fect postischemic LCMRgJc, while hyperglycemic animals had LCMRgJc values that were either nor mal or slightly reduced. Many animals showed in homogeneities within the SNPR (see Fig. 1 ). In two animals of the R = 3 h group, a dark spot, in which LCMRgl C was remarkably high, was observed. On the contrary, in all animals of the R = 6 h group, three animals of the R = 12 h group, and two ani mals of the R = 18 h group, a pale spot was seen. These spots were observed in only one hemisphere, except that in one animal of the R = 6 h group, a pale spot was seen in both hemispheres. The data given in Table 6 summarize the follow ing main points. First, in virtually all severely isch emic and some moderately ischemic structures, postischemic LCMRglc in normoglycemic animals was reduced. The reduction was marked in neocor tical structures and some parts of the hippocampus, but surprisingly moderate in caudoputamen, stra tum radiatum of the hippocampus, and most parts of the thalamus. Second, hyperglycemic animals showed a further reduction in LCMRglc, with many regions (e.g., neocortical areas) showing a sus tained reduction in LCMRglc to 50% of control. Third, hyperglycemia induced a postischemic re duction in LCMRglc even in structures where CBF was only moderately reduced during the ischemia.
DISCUSSION
When transient ischemia is of short or moderate duration, and when reperfusion occurs at adequate perfusion pressures, mitochondrial function is promptly restored, and cerebral energy state quickly restituted (Ljunggren et aI., 1974a,b; Fol bergrova et aI., 1974; Nordstrom et aI., 1978; Welsh et aI., 1980; Pulsinelli and Duffy, 1983) . In fact, pro vided that measures are taken to enhance recircu lation, relatively rapid and extensive recovery of cerebral energy metabolism may be achieved after ischemic periods as long as 30-60 min (Hossmann and Kleihues, 1973; Kleihues et aI., 1974; Zimmer mann et aI., 1975; Nordstrom et aI., 1976; Rehn crona et aI., 1979; see also Hossmann, 1982 see also Hossmann, , 1985 . Preischemic hyperglycemia is known to prevent such recovery or to cause rapidly developing, sec ondary deterioration of mitochondrial metabolism (Rehncrona et aI., 1979 (Rehncrona et aI., , 1981 Ginsberg et aI., 1980; Welsh et aI., 1980; Hillered et aI., 1984) . However, if the duration of ischemia is ,,;;: 15 min, hyperglyce mic subjects recover their cerebral energy state as rapidly as do normoglycemic ones (Hillered et aI., 1985) . In the present experiments, the period of ischemia was only 10 min, and the experimental conditions favored prompt and efficient reperfusion of the brain. Since the first measurement of LCMRglc was made 3 h after the ischemic insult, at a time when the animals appeared fully awake and had adequate motor functions, we submit that the results cannot have been confounded by gross met abolic damage at the cellular level.
In the present experiments, we applied the de oxyglucose method of Sokoloff et al. (1977) , which was developed for the normal brain, to a postisch emic situation. The important question is whether one is allowed to use the kinetic and lumped con stants derived by Sokoloff et al. (1977) in this un physiological situation. There are results obtained both in experimental animals and in humans that indicate that this is a legitimate procedure (Phelps et aI., 1983; Reivich et aI., 1985) . Furthermore, results reported by Pulsinelli et al. (1982b) demonstrated that measurements of cerebral oxygen consumption on postischemic rats yielded results very similar to those obtained with the deoxyglucose technique. We conclude from this that the major results ob tained in this study are quantitatively valid. This assumption receives some support from the finding that the distribution within the brain of eH]3-O-methylglucose, as tested in two animals of hyper glycemic controls and in two each of ischemic ani mals with 3 or 18 h of recirculation, was uniform (data not shown). We have reservations against too rigid an interpretation of LCMRglc values derived for hyperglycemic animals at recirculation times of 12 and, especially, 18 h, since morphological neu ronal damage is then relatively widespread (Smith et aI., 1987 (Smith et aI., , 1988 . However, with the exception of a few areas with dense neuronal necrosis, the re sults may be reasonably accurate even in these an imals.
As stated in the introductory section, the main objectives of the present study were to compare LCMRglc in normo-and hyperglycemic animals and to find out whether localized increases could be found in the latter, reflecting the presence of seizure foci. However, we also found it of interest to com pare the postischemic LCMRglc values with appro priate controls. We chose to make the main com parison with ordinary controls for the following rea sons. First, it is of interest to know how ischemia, instituted 3-18 h earlier, lowers LCMRglc from nor mal control values. Second, since our ischemic pro cedure involves general anesthesia, exsanguination, and carotid clamping, it is difficult to judge, and time consuming and costly to find out, whether sham-operated animals should be bled and to what pressure. Third, in attempting to mimic conditions in ischemic animals, save the brain ischemia, we experienced problems with postintubation respira tory activities. However, the finding that the sham operated animals had somewhat lower LCMRg l c values than controls justifies further exploration of the underlying mechanisms. Without detracting from the main problem (normoglycemic versus hy perglycemic animals), the finding suggests that the absolute decrease in LCMRglc, caused by the pre ceding ischemia, is somewhat less than what is in dicated here. The present results, obtained in nor moglycemic animals, are similar to those previously reported by Pulsinelli et al. (1982b) . The combined results demonstrate beyond doubt that even though transient ischemia may be associated with exten sive recovery of cerebral metabolic, neurophysio logical, and neurological functions, metabolic rate remains depressed for long periods, in our experi ments for at least 18 h and in the experiments of Pulsinelli et al. (1982b) for as long as 48 h. In both studies the depression was most marked in neo cortical areas and in the hippocampal formation. The results do not simply reflect the well-known selective vulnerability of certain structures to the ischemic insult since the ischemic model employed yields dense ischemia in forebrain areas only. A rough correlation seemed to exist between the den sity of the ischemia and the magnitude of the sub sequent metabolic depression. However, the corre lation was not tight since the caudoputamen, a densely ischemic structure, showed only a very moderate reduction in LCMRglc, as did the stratum radiatum of the hippocampus (see also the entorhi nal cortex). At present, it is not known if such re gional differences in metabolic depression reflect corresponding differences in degree of activation from other affected areas or inherent differences in cellular metabolic characteristics between areas.
A novel finding in this study is the pro nounced accentuation of postischemic depression of LCMRglc that occurs in hyperglycemic animals. This accentuation was pronounced in all areas af fected by the ischemia. Notably, the depression also affected areas that were only moderately or mildly ischemic and that therefore showed little or no metabolic depression under normoglycemic con ditions. In view of the fact that the animals were awake, showed exploratory behavior, and had ex tensive recovery of motor functions, this depres sion was remarkable. As mentioned in Result, the hyperglycemic animals had a higher body tempera ture than the normoglycemic ones at the time of LCMRg l c measurements. As a rise in temperature in a normal animal increases cerebral metabolic rate (Carlsson et aI., 1976) , the influence of an increased temperature in the hyperglycemic animals ought to raise LCMRglc values and should thus, if anything, counteract the severe depression seen in this study, with LCMRglc in neocortical areas being reduced to � 50% of control.
The biological significance of the reduction in metabolic rate after ischemia is intriguing. Two questions arise: First, is such pronounced meta-J Cereb Blood Flow Metab, Vol, 9, No.4, 1989 bolic depression unique to postischemic situations or does it also occur in other situations apart from coma owing to anesthesia or to metabolic enceph alopathy that in itself will lower the metabolic rate? Second, what is the cause of the depression? It is possible to respond to the first question in the affir mative. Thus, a previous study on hypoglycemic coma of 30-min duration showed that LCMRg/c of neocortical areas was reduced to �50% of control after 90 min of recovery (Abdul-Rahman and . Notably, in that study LCMRgIc in the hip pocampus was close to control, although local blood flow showed a similar depression ("sec ondary hypoperfusion"), as did neocortical struc tures. It should also be recalled that Kuschinsky et al. (1981) recorded a 30% decrease in LCMRglc in animals in which prolonged nonrespiratory acidosis had been induced by HC1 administration (see also van Nimmen et aI., 1986) . Furthermore, a reduction has been described in LCMRgIc following cold in jury (Pappius, 1981) .
It is more difficult to respond to the second ques tion since the mechanisms underlying the postisch emic metabolic depression are unknown. In theory, metabolic rate may be reduced because impulse traffic is decreased or because energy-producing pathways are impeded. It does not seem likely that a major deficit in energy production exists since the phosphorylation capacity of the mitochondria is re stored (Rehncrona et al., 1979; Hillered et al., 1985) and since cerebral energy state remains close to normal until neuronal necrosis becomes manifest (Pulsinelli and Duffy, 1983) . However, it is conceiv able that the defect affects the mechanisms that couple membrane events to metabolic activation, i.e., that the primary defect is failure to produce, at a normal rate, the coupling factors. Thus, one could speculate that the rates of breakdown of ATP, and of production of ADP and Pi' are decreased because Na + , K + , and Ca 2 + fluxes are reduced.
Clearly, preischemic hyperglycemia exaggerates the postischemic depression of cerebral metabolic rate. It is more difficult to give a clear answer to the second question posed in the introductory section: whether the postischemic seizures are preceded by localized increases in LCMRgIc, reflecting the activ ity of seizure foci. At first sight it is tempting to interpret the relative increase of LCMRgIc in the CAl sector of the hippocampus between 6 and 12 h as reflecting subcortical seizure activity. However, the results did not reveal a pattern of LCMRgIc nor mally considered to reflect limbic seizures (e.g., Lothman and Collins, 1981) . Furthermore, the rel ative increase of LCMRgIc in the CAl sector of the hippocampus occurred at a time when cell necrosis was evident (even if not very pronounced) (see Smith et aI., 1987 Smith et aI., , 1988 . It is possible, therefore, that the relative increase of LCMRglC just reflects a greater than normal proportion of anaerobic glycol ysis or a change in the kinetic or lumped constant.
We tentatively conclude that distinct subcortical seizure foci do not develop. If this suggestion is correct, one has to invoke other explanations for the appearance of postischemic seizures, edema, and exaggeration of neuronal necrosis. Possibly, a membrane defect is created by the hyperglycemic ischemia that does not allow a normal stimulus metabolism response once impulse traffic in the postischemic brain is fully restored.
